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Received 29 August 2013; accepted 17 September 2013AbstractThe influence of grain size on the tensile deformation and ductility for Mge1.02% Zn (wt.%) alloy was investigated. The uniform elongation
is nearly insensitive to the increase of grain size, but the post-uniform elongation is significantly decreased with increasing grain size. The high
ductility in the fine-grained samples is due to the lower frequency of twins and increased dynamic recovery from the enhanced activation of
prismatic hai slip.
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  1. Introduction
A major impediment to the wide use of magnesium alloys
is their low ductility, and the two dominant factors associated
with ductility for magnesium are texture and grain size [1].
Regarding the texture effect, there have been a number of
investigations on modifying the texture by alloying RE ele-
ments [2e5] and/or changing the thermalemechanical pro-
cessing methods, such as ECAE processing [6e9].
Unfortunately, the researches with respect to influence of grain
size on the tensile deformation of Mg alloys are still limited.
Although there are some available literature [7,10], the authors
focused their attention to the strain hardening behavior [7] or* Corresponding author.
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Open access under CC BY-NC-ND license.simulated results [10]. The possible influences of grain size on
the tensile ductility can be considered in terms of the as-
followed aspects. Firstly, the mechanical twinning has a
strong dependence on grain size, and such phenomenon has
been noted in plenty of studies [7,10e12]. Secondly, the fine
grains serve to the activity of the non-basal slip mechanism by
the compatibility stresses between adjacent grains [8], whereas
this feather was less noted in the previous literature. In order to
isolate the texture effect, we carried out different rolling and
annealing processes to obtain homogeneous microstructures
with different grain sizes and similar texture pattern. In this
work, we investigated the influence of grain size on the tensile
deformation of a Mge1.02 wt.% Zn alloy with an initial
strong basal texture; the microstructure evolution and defor-
mation modes were also discussed.2. Experimental procedure
Commercial pure magnesium, zinc and magnesiumezirco-
nium master alloy were added into a heat-resistance mild steel
crucible in turn to prepare as-cast Mge1Zn ingots. The chemical
compositionswere analyzed asMge1.02Zn, byusing inductivelyngqing University. Production and hosting by Elsevier B.V.
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Hereafter, the Mge1.02 wt.% Zn is termed as 1Zn alloy. After
solid solution treatment, the ingot was machined into slabs with a
thicknessof 20mmand then subjected to rollingprocessingwith a
total reduction of 85%. The rolled sheets were returned to furnace
at 673e713 K for 10 min between passes and the reduction per
pass was controlled within 10e30%. The samples of 1Zn alloy
with different grain sizes were controlled by annealing treatments
at temperatures ranging from 523 to 723 K for 20e60 min.
Microstructures examination was carried out by using a
Carl Zeiss Axio-Observer optical microscope and a Philip
XL30 ESEM-FEG/EDAX scanning electron microscope.
Electron Back-Scatter Diffraction (EBSD) observation for the
metallographic analyses were performed on the scanning
electron microscope equipped with OIM5.2 software. TEM
analysis was used to identify the patterns of the operated
dislocations. Specimens for TEM observation were prepared
by first ground-polishing the sample to about 100 mm thick foil
followed by punching of 3 mm diameter disks. A Gatan
dimple grinder was then used to mechanically thin the disks to
a minimum thickness of 15e20 mm, followed by perforation
using Gatan Precision Ion Polishing System. The samples for
texture measurement were cut from the mid-plane of the RD/
TD plane and were carried out on a RigakuD/max 2400 X-ray
diffractometer using CuKa radiation with the samples tilt
angle ranging from 0 to 70. Texture analysis of the samples
was performed using the Schultz reflection method by X-ray
diffraction.Fig. 1. Microstructures of 1Zn alloy with gTensile specimens were cut from the sheets after rolling and
annealing treatment, and then machined into dog bone shape
of 10 mm in gauge length and 4  2.5 mm in cross-section.
Tensile tests were conducted at room temperature on a Sans
type tensile testing machine with a strain rate of 1  103 s1.
Additional tensile tests were conducted in order to measure the
Lankford value or r-value, r ¼ 3w/ 3t. The width-direction and
thickness-direction strains in 1Zn alloys with various grain
sizes were measured at a strain of 15%.
3. Results and discussion
Fig. 1 shows the homogeneous microstructures of 1Zn alloy
after rolling and annealing, with grain sizes ranging from
18 mm to 226 mm. The corresponding (0002) pole figures are
presented in Fig. 2, it can be found that the textures show
subtle variations, including the maximum intensity and split-
ting of the basal poles. In other words, the texture pattern
in Fig. 2 can be regarded as strong basal texture.
Fig. 3 (a) shows the typical nominal stressenominal strain
curves for the 1Zn alloy with different grain sizes at room
temperature. As expected, both the strength and ductility is
decreased with increasing grain size, in the range of
18e226 mm. Fig. 3(b) reveals the flow stress measured at proof
strains of 0.2% and 2% as a function of the grain size (d ) for
the 1Zn alloy. It can be found that the data follow linear de-
pendences on d1/2, with R2 ¼ 0.87 and R2 ¼ 0.85 for 3¼ 0.002
and 3¼ 0.02 respectively. According to the HallePetch (HeP)rain sizes in the range of 18e226 mm.
Fig. 2. Corresponding (0001) pole figure of 1Zn alloy with different grain sizes in Fig. 1.
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is 281.9 MPa mm1/2 (8.91 Mpa mm1/2). This value is also close
to that measured in the AZ31 alloy (8.89 MPa mm1/2, RD-
specimen) by Jain et al. [10] and that by Ono et al. (9.2
MPa mm1/2) [13]. It can be found that HeP slope k decreases at
higher strains, with a reduced k ¼ 182 MPa mm1/2 obtained at
3¼ 0.02. Such phenomenon has been noted in the earlier
literature [10,14], suggesting a slight inverse HeP effect on the
strain hardening [15]. Fig. 3(c) shows the change in the Lank-
ford value at a strain of 0.15 for all the specimens. It can be
observed that the r-values gradually decrease from about 3 to
2.3, in good agreement with the range of 2e3 in AZ31 alloy
with grain sizes of 13e220 mm [10]. However, the authors find
exclusively a slight increase of the r-value for RD-samples with
increasing grain size [10], which is different from our resultsFig. 3. (a) Typical tensile curves for 1Zn samples of different grain sizes tested in
3¼ 0.02; (c) Lankford value tested at strain of 0.15 versus grain size; (d) Uniformand those of a recent study [17]. Combined with the single HeP
slop, the evidence indicates that there seems to be no gross
deformation mechanism changes within the current grain size
range, since the HeP parameter k is influenced by the texture
[6,16], and deformation modes, such as twinning [15]. Fig. 3(d)
presents the change in the elongation-to-failure (EF) and uni-
form elongation (UE), versus the grain size. The EF values
show a gradually lessening trend with increasing of grain size,
whereas the UF values are nearly insensitive to grain size. As a
result, increased gaps between the EF and UE can be observed,
along with the increasing grain size. In other words, the refined
grain size seems to have a more significant effect on the post-
uniform plastic deformation.
Two specimens with grain size of 23 mm and 84 mm were
picked out, in order to comparatively study the effect of graintension along RD, (b) HallePetch plots of the flow stress at 3¼ 0.002 and
elongation and elongation-to-failure as a function of grain size.
Fig. 4. Microstructure evolutions for 1Zn-F sample tested at strain of (a) 0.1, (b) 0.2, (c) 0.25; and for 1Zn-C sample tested at a strain of (d) 0.1, (e) 0.2, (f) 0.25.
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Hereafter, these two alloys were termed 1Zn-F and 1Zn-C,
respectively. Fig. 4(aec) and (def) present the microstructure
evolution by OM of 1Zn-F and 1Zn-C after deformation to
various strains, respectively. At strains of lower than 0.1, the
fractions of twin are relatively low (Fig. 4(a) and (d)). In
addition, most of the twins have an elliptical or irregular, thick
appearance and etch white in the interior, which are likely the
f1012g tensile twin. Also, there are a small amount of twins
having a thin, needle-like appearance and etch black, which
may correspond to the f1011g compressive twins (indicated
by the solid arrows). After being strained to 0.2, the fractions
of the twins increase abruptly (see Fig. 4(b) and (d)), relative
to those strained to 0.1. Additionally, the twin density of the
1Zn-C is obviously higher than that of the 1Zn-F, especially in
the fraction of the f1011g compressive twins (denoted by the
solid arrows). Mutual intersection of twins frequently takes
place in the 1Zn-F specimen. After deformation to strain of
0.25, profuse twins appear in both specimens, but those of
1Zn-C specimen are much denser. Secondary cracks and voids
were detected at the locations concentrated excessive strains
and twins, as indicated by the dashed arrows. These twins
usually correspond to the f1011gef1012g double twins, due
to a combination of strain softening and local generation of
twin sized voids [18]. Such restricting effect of twins by fine-
grained materials has been noted in a number of litera-
ture [11,14,18,19], and can be roughly described by a rationale
[11], in which the number of twins per grain increases with
increasing grain size, showing a strong dependence of d2
relation [11].
The specimens of 1Zn-F and 1Zn-C strained to 0.2 were
subjected to EBSD examination, and the results are presented
in Fig. 5(a) and (b), respectively. The misorientations along
the arrows indicated in Fig. 5(a) and (b), along with the EBSD
texture, are presented in Fig. 5(c) and (d), respectively. The
distributions of misorientation angles for 1Zn-F and 1Zn-C
sample are shown in Fig. 5(e) and (f), respectively. It is
generally accepted that the type of twin can be deduced from
the misorientation angle between the twin and the matrix[20e24]. The typical angles of w56, w86 and w38,
identified as belonging to f1011g compressive twin (C-Twin),
f1012g tensile twin (T-Twin) and f1011gef1012g double
twin (D-Twin), are also indicated in each IPF figure and dis-
tribution figure of misorientation angles. By comparison of
Fig. 5(a) and (b), it can be found that the frequency of
compressive twin in the 1Zn-C is much higher than that in the
1Zn-F sample, such contrast can also be reflected by com-
parison of misorientation angle distribution (Fig. 5(e) and (f)).
The primary f1011g compressive twin is usually followed by
the f1012g tensile twinning, give rise to the formation of
f1011gef1012g double twin, which can generate localized
deformation within the twins, causing to form voids and pre-
mature failure [18]. Fig. 5(c) and (d) give the misorientation
along the representativef1011gef1012g double twins (indi-
cated by the arrows) in 1Zn-F and 1Zn-C samples strained to
0.2. It should be noted that the “anomalous” f1012g tensile
twins frequently appear in the 1Zn-C and 1Zn-F samples,
whose strong basal textures are poorly oriented for operation
of f1012g tensile twins [25]. The easy formation of f1012g
tensile twins can be attributed to their lower critical resolve
shear stress (CRSS) values [15]. The f1012g twinning requires
only 2e3 MPa, while the f1011g twinning requires 114 MPa
[15]. Notice that there are a relatively high fraction of low-
angle boundaries in the 1Zn-C and 1Zn-F samples, occu-
pying about 18% and 15% of the misorientation angle distri-
butions in Fig. 5(e) and (f), respectively. The occurrence of
highly fractions of low-angle boundaries is accepted to be
related with the dislocation slipping, indicating that the
deformation for all the current grain-size regime is together
dominated by twining and dislocation slipping, although the
contribution of twinning is larger in the 1Zn-C sample. Such
characteristic is in good accordance with the observed single
HeP slop, suggesting that there are no gross deformation
mechanism changes within the current grain size range.
However, if the contribution of twinning is more significant,
the cases will be different. Koike et al. [15] has reported that
the HeP slop was 0.13 MPa m1/2 obtained for tensioned AZ31
alloy with grain size from 17 to 30 mm, but was improved to
Fig. 5. EBSD IPF images for (a) 1Zn-F sample strained to 0.2, (b) 1Zn-C sample strained to 0.2; (c) misorientation along the arrow in Fig. 3(a) and EBSD texture,
(d) misorientation along the arrow in Fig. 3(b) and EBSD texture, (e) Distribution of misorientation angles for 1Zn-F sample, (f) distribution of misorientation
angles for 1Zn-C sample.
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considered to be associated with a transition from slipping- to
twinning-dominated deformation with increase in grain size.
Similarly, the gradual transition from slipping- to twinning-
dominated flow has also been reported in compression tests
of AZ31 alloy with decrease in grain size [12]. In the present
study, our observation suggested that the grain size range of
18 mme226 mm of 1Zn alloy is in a transition zone between
slipping- and twinning-dominated flows, regardless of a higher
contribution from twinning to overall deformation in the
coarseegrained samples. With regard to the reduced twin
frequency in the fine-grained samples, it can be comprehended
as follows. Twins are induced mostly by stress concentration
caused by the anisotropy of dislocation slip [15], whereas the
compatibility stress from the increased grain boundaries may
reduce the levels of stress concentration in the grain interiors.
In spite of the twinning response, the grain size also has a
significant influence on the slipping deformation. Fig. 6 pre-
sents the corresponding strain hardening rate curves of 1Zn-C
and 1Zn-F samples, as a function of flow stress (s) subtracting
the yield strength (s0.2). Valle et al. have made acomprehensive study on the effect of grain size on the strain
hardening behavior of wrought Mg alloys, where the strain
hardening rate curves can be classified into three stages, and
the stage __ is suppressed in rolled samples with strong basal
texture [7]. As observed in Fig. 6, the strain hardening curves
can be characterized by only two stages; stage _, manifest as a
steep decrease of hardening, due to a short elasticeplastic
transition [7]; stage ___, manifest as a moderate decrease of
linear hardening. It can be detected that the slops of the liner
hardening curves (stage ___) for the two samples are different,
which is related to the variation in the dynamic recovery
(DRV) [7]. That is, an increase in the DRV is accompanied by
decreasing grain size. Although the DRV was frequently
observed in Mg alloys during deformation at high tempera-
tures [26], the existence of DRV was evidenced and high-
lighted by Koike et al. [8] in fine-grained AZ31 alloy at room
temperature. It should be pointed out that the increased DRV
with decreased grain size was also reported in AM60 alloy
[14], which was proposed to be closely related to the multiple
slip, such as the operation of prismatic slip, in addition to basal
slip, as deformation proceeds. However, the researchers [14]
Fig. 6. (a) Strain hardening rate curves taken from the tensile curves for 1Zn-C and 1Zn-F samples, (b) f1011g x-ray pole figure for 1Zn-C and 1Zn-F samples
before and after deformation; (c) TEM bright-field images showing the basal hai dislocations in 1Zn-C sample; (d) TEM bright-field images showing the high
activity of prismatic hai dislocations in 1Zn-F sample.
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hypothesis.
Fig. 6(b) shows the x-ray ð1011Þ pole figures for the 1Zn-
F and 1Zn-C samples, measured before deformation and
after failure. A striking difference can be found in the texture
evolution after tensile deformation, the ð1011Þ poles begin to
form six-fold symmetry and such feature is more legible in
the 1Zn-F sample. This type of deformation induced texture
variation can be found in AZ61 [27], Ti and Zr [28], where
prismatic hai slip is activated. In order to determine the
dislocation types, the microstructures deformed to 5% were
examined by TEM. Bright-field images of 1Zn-F and 1Zn-C
were presented in Fig. 6(c) and (d), respectively. These im-
ages were taken with an incident electron beam direction of
½2110, under a two-beam diffraction condition with
g ¼ 0111. According to the g$b criterion, all the dislocations
are visible, and the basal plane trace is also indicated with a
solid line in each figure. For 1Zn-C sample, most dislocation
segments are parallel to the basal plane trace and they are
identified to be basal hai dislocation, only some dislocation
segments correspond to the prismatic hai dislocation (indi-
cated by the dashed arrows). However, for the 1Zn-F sample,
many straight dislocation segments are seen perpendicular to
the basal plane trace. In addition, these dislocations appear
to cross-slip from the basal planes to the prismatic planes, asdenoted by solid arrows for basal slip and by dashed arrows
for prismatic slip. Finally, it is evidenced that the enhanced
DRV in the fine-grained sample should be ascribed to be the
increased activity of prismatic hai slipping. Such variations
in the dislocation type also agree well with the decreasing
Lankford value with increase of grain size, since a large
Lankford value in Mg is attributed to the activity of the
prismatic hai slip [17].
Regarding the reasons for the enhanced activity of the pris-
matic hai slip in the current fine-grained materials, two features
may be responsible for these variations in the slip system ac-
tivity. First one is the texture effect. Koike et al. put forward a
geometrical criterion for the activation of prismatic slip in Mg
alloys, where the critical tilt angle for activation of prismatic hai
slip was found to be below 16.5 [27]. Second one is the grain-
refinement driven effect. It has been documented that the ac-
tivity of non-basal slip systems could be enhanced due to the
grain-boundary compatibility stress [8]. As for the texture ef-
fect, there is no obvious variation in the tilting of the basal poles,
for the 1Zn-F (23 mm) and 1Zn-C (84 mm) samples (see Fig. 2(b)
and (f)). Therefore, the enhancement of the prismatic slip should
be more attributed to the grain refinement, through the so-called
grain-boundary compatibility stress [8,29]. In addition, it was
argued that the average length of the secondary slip lines adja-
cent to grain boundaries is approximately 10 mm [29]. Detailed
216 B.Q. Shi et al. / Journal of Magnesium and Alloys 1 (2013) 210e216and further investigations are still needed tomake clear the inner
mechanisms.
4. Conclusions
In summary, the influence of grain size on the tensile
deformation of rolled and annealed Mge1Zn alloy was
investigated, and the following conclusions can be drawn:
1. The grain size has a significant effect on the pose-uniform
elongation, but has a neglectable effect on the uniform
elongation, in the current grain size range of 18e226 mm.
2. The fine-grained sample reduces the frequency of twins
(especially the compressive twins) and increases the dy-
namic recovery through enhancing the activity of pris-
matic hai slip, suspending the premature failure and
contributing to the observed high ductility.
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